In the wireless power transfer system (WPT) via magnetically coupled resonance, the lateral misalignment between the transmission coil and receiving coil may affect the mutual inductance, then the transfer efficiency may be decreased, and the output power may be fluctuated, which lead to an unstable system. In this paper, a calculation method of the mutual inductance of an asymmetrical two-coil structure is presented. Based on the mutual inductance calculation method, an optimization method of quasi-constant mutual inductance is proposed. The key parameters of each coil can be obtained by using the proposed method. The mutual inductance can be kept constant when the misalignment is changed. And the output voltage and efficiency are also nearly constant with different misalignments. Finally, the setup of the asymmetric two-coil WPT system via magnetically coupled resonance is designed. Calculation, simulation, and experimental results validating the proposed method are given.
INTRODUCTION
WPT technology is currently a research hotspot [1, 2] . The technology has broad application prospect in the field of electric vehicles [3] , consumer electronics, aerospace, biological and medical science [1] . However, there exists the problem of the changes of various parameters in a WPT system. Especially the mutual inductance and load have a great influence on the system. And there is mutual coupling between the mutual inductance and the load. In order to obtain the best performance, the load should follow the change of the mutual inductance (Each mutual inductance will correspond to an optimal load to obtain the maximum efficiency or maximum power.) [4] . Once the characteristic of quasi-constant mutual inductance was obtained, the mutual inductance and load were decoupled. In practical applications, the lateral misalignment between the transmission coil and receiving coil was changed, which caused the change of the mutual inductance. The change of the mutual inductance caused the fluctuation of the output voltage and the reduction of the efficiency. In order to cope with the problem, scholars have carried out research in the following three aspects: (1) Control method; (2) Resonance compensation network; (3) Design of coils.
In the aspect of control method, in order to solve the problem, PWM control method and phase shift control method are often used. When the mutual inductance was changed, the output voltage could be adjusted by changing the duty ratio of the PWM, and the output voltage was also adjusted by changing the phase angle. The switching of these control methods generally works in a hard switching state. Therefore, the system has large losses [4] . Currently, some scholars have introduced an LLC resonant converter into a WPT system. The LLC resonant converter can improve the efficiency of the system. However, the soft switch is limited by the variation of parameters of the system because the adjustments of the frequency will cause the change of the fundamental frequency, which affects the resonance compensation network [5] .
In the resonance compensation network, in order to solve the problem of the fluctuation of output voltage and the reduction of efficiency caused by the change of mutual inductance, impedance matching network is often used, including the types of SPS [6] , LCL [7] , LCC [8] , T [9] , LC, π, and DC-DC of active impedance topology [10] . Therefore, the WPT system must be increased with two or more impedance networks or conversion devices. However, the use of more complicated devices may reduce the reliability of the system and have an impact on the efficiency of the system [11] .
The adverse effects of the change of mutual inductance on the WPT system can be reduced by using the above two methods. However, the mutual inductance was still changed when the misalignment was changed. In order to keep the mutual inductance constant with misalignment, Korea Advanced Institute of Science and Technology has developed power supply of long-rail type of E, U, W, I, and S [12] . These structures allow larger lateral misalignment of the receiving coil. However, there are also two disadvantages: (1) the receiving coil can cover only a part of the long rail (the receiving coil), which inevitably reduces the coupling coefficient between the receiving coil and transmission coil. Therefore, the system efficiency is not high; (2) the fluctuation of the mutual inductance is not small. A structure of multi-transmission coil was proposed [13] [14] [15] to solve the problem of the fluctuation of the mutual inductance. The magnetic field distribution was homogeneous in this structure when the receiving coil moved on the field. And the efficiency of the WPT system was almost unchanged. However, the transmission device was composed of small transmission coils. The quality factor was generally low, which reduced the efficiency of the WPT system. Therefore, [16] studied the magnetic coupling structure of six transmission coils to a receiving coil, and the quality factor of the coil was improved. When the receiving coil moved along the Y -axis direction, the fluctuation of the output power was ±7.5%. However, the performance along the X-axis direction is worse than that along the Y -axis direction. In summary, in order to obtain constant mutual inductance between the transmission coil and receiving coil, it is necessary to analyze the characteristics of the mutual inductance of the WPT system.
A structure of asymmetric two-coil is analyzed in this paper. And the calculation method of mutual inductance is given. Then an optimization method of mutual inductance is proposed. The parameters of each coil are obtained by using the proposed optimization method and structure. The mutual inductance can be kept constant with misalignments. The effectiveness and correctness of the optimization method are verified by the simulated and experimental results. Figure 1 shows the WPT system of asymmetrical two coils. It consists of a source, a transmission coil (Tx), a receiving coil (Rx), and the load. Tx is larger than Rx in size. Variable Δ is the lateral misalignment; O 1 and O 2 are the centers of Tx and Rx respectively; D is the transmission distance between Tx and Rx; C Tx is the resonant capacitance of Tx; C Rx is the resonant capacitance of Rx.
MATHEMATICAL MODEL
In order to analyze circuit conveniently, the WPT system can be represented in terms of lumped
Zin R L Figure 2 . Equivalent circuit of WPT system. circuit elements (L, C, and R), as shown in Fig. 2 . Variable V s is the voltage source; R s is the internal resistance of the source; R 1 and R 2 are the internal resistances of Tx and Rx, respectively. Variable R L is the load; L 1 and L 2 are the self-inductances of Tx and Rx, respectively; M is the mutual inductance between Tx and Rx; ω is the operating frequency of the system; I 1 is the current of Tx; I 2 is the current of Rx. By applying Kirchhoff's voltage law (KVL), the asymmetrical two-coil WPT system is presented as follows:
The currents of Tx and Rx can be obtained by solving Eqs. (1) and (2).
The expression of the transmission efficiency is as follows:
When the WPT system of asymmetrical two coils operates in a resonant state, we have Z 1 = R s +R 1 and Z 2 = R L + R 2 . Equation (4) can be simplified as follows:
According to Eq. (3), the expression of the output voltage in the WPT system is obtained:
It can be seen from Eqs. (5) and (6) that mutual inductance is a key parameter for efficiency and output voltage. In practical applications, the change of M may cause the decrease of transmission efficiency and the fluctuation of output voltage. Then the safety and reliability of the WPT system may be reduced. M is dependent on the size and relative position of each coil. In order to keep the mutual inductance constant, it is necessary to study the calculation and optimization method of the mutual inductance.
CALCULATION OF MUTUAL INDUCTANCE
In this section, a calculation method of the mutual inductance of the rectangular coil is presented. Fig. 3 depicts two single-turn rectangular coils with any position. Variable l 1 is the length of Tx, and h 1 is the width of Tx. Variable l 2 is the length of Rx, and h 2 is the width of Rx. Variable γ is the angle between Rx plane and Y OZ plane. Tx is separated by four parts (line a, line b, line c, and line d). R a , R b , R c , and R d are distance vectors from line a, line b, line c, and line d to any arbitrary center point P (x, y, z) of Rx, respectively. It is assumed that rectangular coils have homogeneous current distribution and consist of filament [17, 18] .
For the convenience of calculation, the receiving coil is subdivided. The number of small rectangles subdivided is N L × N h . Parameters dL and dh are the length and width of Rx, respectively. It is assumed that the magnetic flux density is uniformly distributed at the center point in each subdivision. Based on Biot-Savart's law, the magnetic flux density B ij at P (x, y, z) caused by the current I is as follows: where μ 0 is the magnetic permeability in vacuum, c line of Tx, and Idl a current micro-element on c . The mutual inductance between Tx and Rx can be obtained:
where S 2 is the area of Rx, and I is the current of Tx.
It can be seen that the magnetic flux density in Y direction is only generated by line b and line d. The dot product between the normal vector of Rx plane and the field of Y direction from line b or line d is zero. According to Eq. (8), the magnetic flux density in Y direction of Rx does not affect the mutual inductance. Then only the magnetic flux density in X and Z directions needs to be considered. And the magnetic flux density in X direction is only generated by line and line c. Therefore, a specific mutual inductance calculation formula between the single-turn coils is obtained:
The mutual inductance between multi-turn coils can be calculated:
where N 1 is the number of turns of Tx, N 2 the number of turns of Rx, k the k-th turn of Tx, and s the s-th turn of Rx. The theory in this section provides a method of calculating mutual inductance between Tx and Rx for the next section.
OPTIMIZATION METHOD
The mutual inductance is kept constant with different misalignments, which is called quasi-constant mutual inductance. According to Eqs. (9) and (10), the mutual inductance is related to the side length, the number of turns, and the relative position of rectangular coils. Mutual inductance is changed easily when the misalignment is changed. In this section, an optimization method of the quasi-constant The inner side length of R x setting
The number of turns of T x setting
The number of turns of R x setting Calculating mutual inductances between T x and R x with different lateral misalignment according to (9) and (10)
Saved and outputted parameters:
END Output all optimal parameters mutual inductance is proposed in order to obtain quasi-constant mutual inductance. The steps of the optimization method of quasi-constant mutual inductance are as follows:
(1) Parameters setting: Variable M 10 is the mutual inductance with Δ = 10 cm; M 0 is the mutual inductance with Δ = 0 cm; ε is the rate of the change of mutual inductance with Δ = 10 cm along the X or Y direction, which is defined as ε = (M 0 − M 10 )/M 0 . Variable D is set to 15 cm, and the diameter of copper wire is 2 mm. Variable N 1 is the number of turns of Tx; N 1 is ranged from 4 to 8; N 1 Min is the minimum of N 1 ; N 1 Max is the maximum of N 1 . Variable N 2 is the number of turns of R x ; N 2 is ranged from 4 to 10; N 2 Min is the minimum of N 2 ; N 2 Max is the maximum of N 2 . Variable l 1 is the inner side length of Tx, which is ranged from 0.4 m to 0.6 m; l 1 Min is the minimum of l 1 ; l 1 Max is the maximum of l 1 . Variable l 2 is the inner side length of Rx, which is ranged from 0.2 m to 0.3 m; l 2 Min is the minimum of l 2 ; l 2 Max is the maximum of l 2 . The change of the inner side length is 1 cm, and the step of the number of turns is 1 turn.
(2) Calculation of the mutual inductance: the mutual inductance between Tx and Rx can be calculated by Eqs. (9) and (10).
(3) The principle of quasi-constant mutual inductance: ε * is the initial value of rate of the change of mutual inductance with Δ = 10 cm along the X or Y s direction, which is set to 0.05 [19] . It is regarded that the coil structure satisfies the principle of quasi-constant mutual inductance when ε < ε * .
(4) The principle of maximum mutual inductance: First, the result must satisfy the principle of quasi-constant mutual inductance. Secondly, parameters of each coil are saved, and the current mutual inductance assigns to M * 10 if the current mutual inductance is larger than that of setting value. In contrast, parameters of each coil are not saved, and the current mutual inductance does not assign to M * 10 . Therefore, the value of the mutual inductance will become bigger and bigger. The initial value of the mutual inductance M * 10 is set to 6.5 µH. The larger the value of mutual inductance between coils is, the higher the transmission efficiency and power become.
(5) Optimal parameters: The optimal parameters, including mutual inductance, ε, the number of turns, and side length can be obtained according to maximum mutual inductance satisfying the condition of ε < ε * . The flowchart of the optimization method is shown in Fig. 4 . Figure 5 (a) shows the mutual inductance with Δ = 10 cm and Δ = 0 cm. It can be seen that the maximum value of M 0 is 9.093 µH, and the maximum value of M 10 is 8.787 µH in the fourth step. Fig. 5(b) shows that the rate of change of mutual inductance ε is about 0.034 in the fourth step, which is smaller than 0.05. Therefore, the solution of the fourth step conforms to the principle of quasi-constant mutual inductance and maximum mutual inductance. The parameters of each coil in the fourth step are selected as the optimal solution. Fig. 5(c) shows that N 1 is 7, and N 2 is 9 in the fourth step. Fig. 5(d) shows that the outer side lengths of Tx and Rx are 0.628 m and 0.336 m in the fourth step, respectively.
SIMULATION AND EXPERIMENTAL VERIFICATION

Experimental Setup
To evaluate the optimization method of quasi-constant mutual inductance, a WPT system of asymmetrical two-coil structure is built. The setup of the asymmetrical two-coil structure is shown in Fig. 6 . The setup consists of a DC source, an H-bridge inverter, a full-bridge rectifier, Tx, Rx, and the load. The voltage of the DC source is ranged from 0 V to 400 V. The H-bridge inverter is composed Figure 6 . Setup of the asymmetrical two-coil. of four Si C MOSFETs, and the type of the Si C MOSFET is C2M0080120D. Both Tx and Rx are the structure of planar spiral. The outer side lengths of Tx and Rx are 0.628 m and 0.336 m, respectively. The numbers of turns of Tx and Rx are 7 turns and 9 turns, respectively. The full-bridge rectifier consists of four diodes, and the type of the diode is D92. The load resistance is set to 3.0 Ω, and the original resonant frequency is set to 85 kHz. The self-inductance, resonant capacitance, and internal resistance of each coil are measured by an impedance analyzer. Table 1 shows measured parameters of each coil.
Test of Mutual Inductance
When the transmission distance between Tx and Rx is set to 15 cm; the misalignment is changed from 0 cm to 12 cm in the X direction; and the step is 2 cm. The mutual inductance between Tx and Rx can be tested by an impedance analyzer. The mutual inductances with different misalignments are shown in Fig. 7 and Table 2 . In Fig. 7 , the measured mutual inductances are nearly the same as the calculated and simulated results. Measured M and ε are also shown in Table 2 with D = 15 cm. All M are larger than 6.5 µH, and ε is 0.046 with Δ = 10 cm, which meets the design requirements. The validity of the optimization method of quasi-constant mutual inductance is verified by the simulated and measured results.
When the outer side lengths of Tx and Rx are 0.336 m, and the numbers of turns of Tx and Rx are 9. Fig. 8 shows the simulated mutual inductance with different misalignments and D = 15 cm. It can be seen that the mutual inductance is equal to 8.95 µH with Δ = 0 cm, and the mutual inductance is equal to 6.50 µH with Δ = 10 cm. ε is about 0.20 with Δ = 10 cm, which is much larger than 0.05. It is difficult to keep mutual inductance constant when Tx is the same as Rx in size.
When the transmission distance between Tx and Rx is set to 12 cm and the process of data-collection with D = 12 cm is the same as that with D = 15 cm, the results of mutual inductance with different misalignments are shown in Fig. 9 . In Fig. 9 , the measured mutual inductances are nearly the same as the calculated and simulated results, which verify the validity of the proposed method. Measured M and ε are shown in Table 3 with D = 12 cm. All M are larger than 6.5 µH, and ε are less than 0.05 with Δ = 10 cm and Δ = 12 cm, respectively. Mutual inductances with D = 9 cm and D = 18 cm are also measured. The measured results are shown in Fig. 9(b) . When D = 9 cm, the mutual inductance with Δ = 0 cm is 11.36 µH, and the mutual inductance with Δ = 12 cm is 11.42 µH. ε is about 0.005 with Δ = 12 cm. When D = 18 cm, the mutual inductance with Δ = 0 cm is 7.88 µH, and the mutual inductance with Δ = 12 cm is 7.34 µH. ε is about 0.069 with Δ = 12 cm. Compared with the mutual inductance results at different misalignments and transmission distances, it can be seen that the mutual inductance is more constant with D = 9 cm. Based on the above results, some conclusions can be drawn as follows: 1) under the same misalignment, the transmission distance becomes small, and ε gets small; 2) The mutual inductance is nearly constant when misalignment is changed from 0 cm to 10 cm with D ≤ 15 cm. 
Output Voltage and Efficiency
According to the parameters in Table 1 , the transmission efficiency can be obtained with the help of MATLAB, as shown in Fig. 10 . The transmission efficiency is nearly 90% with different misalignments.
The measured results are not given in this paper because the output voltage of the H-inverter is a square wave, which is not convenient to be tested. The DC power supply voltage is set to 20 V; the misalignment is gradually increased from 0 cm to 12 cm; and the step is 2 cm. The measured output voltages (across the load) are shown in Fig. 11 . The output voltage is 8.96 V with Δ = 0 cm; the output voltage is 9.2 V with Δ = 10 cm; and the difference value between Δ = 0 cm and Δ = 10 cm is only 0.6 V. The overall efficiency of the DC-DC can be obtained by testing the output voltage of the DC source, the output current, and the voltage across the load with different misalignments. As shown in Fig. 12 , the overall efficiency of the DC-DC can be obtained from the results, which are almost 74% with different misalignments. The misalignment of in the X direction can be achieved at 10 cm, and the misalignment of X direction is the same as that of Y direction. According to SAE J2954 standard, the misalignment in X direction is 10 cm, and the misalignment in Y direction is 7.5 cm. Therefore, the misalignments in both X and Y directions meet SAE J2954 standard by using the structure of asymmetric two-coil, and the proposed method can be applied to wireless charging system of electric vehicles.
CONCLUSION
In this paper, an optimization method of quasi-constant mutual inductance based on the calculation method of rectangular coil structure is proposed. The optimal parameters of the asymmetric two-coil structure can be quickly found by using this method. The mutual inductance can be kept constant with different misalignments when the optimal parameters of each coil are used. The simulated and measured results show that the mutual inductance is 9.315 µH with Δ = 0 cm; the mutual inductance is 8.895 µH with Δ = 10 cm; ε is equal to 0.046; the output voltage and the overall efficiency of the DC-DC are nearly constant when the misalignment is changed from 0 cm to 10 cm. The proposed method is of significance for the design of quasi-constant mutual inductance in the WPT system. However, the effect of the magnetic cores on the mutual inductance is not considered. We will further study quasi-constant mutual inductance of asymmetrical coils with magnetic cores in the future.
